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(57) Abstract 

1 

I An interferometric, self-homodyne opti- 
cal receiver is disclosed for detecting and demo- 
dulating phase modulated optical signals with- 
out requiring a local oscillator normally asso- 
ciated with coherent optical receivers. The setf- 
homodyne receiver includes an interferometer 
having a phase modulator optically coupled to 
one channel of the interferometer and a phase- 
locked arrangement providing electrical signals 
which control the phase modulator and phase 
of^ one channel of the interferometer with re- 
spect to the other channel. 
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Zntarforoaetrlo, 8elf-HoBOdyne Optioal Xteoeivar 
and Method and Optical Transmission 
Systam Incorporating Same 



BACKGROUND OF THE IWVEimON 



10 



15 



1. Field of the Invention 

This invention relates to an interf erometxic, self- 
homodyne optical receiver and method for the detection of 
digitally phase modulated optical signals without 
requiring a local oscillator. 

2. Desoription of the Relevant Art 



There are many different forms of optical detectors. 
A popular form of detector employs coherent optical 
20 techniques, including optical heterodyne/homodyne 
detection • 



In both homodyne and heterodyne receivers, a local 
laser oscillator is used to provide a reference signal 

25 which is then mixed with the incoming optical signal to 
produce a difference or intermediate frequency, generally 
at radio frequency (RF) . The RF intermediate frequency 
can then be processed using relatively straightforward RF 
techniques. Thus, receivers operating according to the 

30 heterodyne principle use a local laser to mix the 

received signal and, consequently, generate an RF signal. 
If the local laser and the received optical signal have 
identical frequencies or wavelengths, then the receiver 
will operate according to the so-called homodyne 

35 principle. Thus, homodyne- type receivers operate much 
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like heterodyne receivers having an intermedia-te 
frequency centered about zero Hertz. 

Homodyne-type receivers require a local oscillator 
5 which can either be phase- or frequency-locked to the 
input signal C2irrier such that the local oscillator can 
track a vide range of frequency and phase variations 
within the incoming signal. The local oscillator signal 
can be set precisely at the frequency of the incoming 
1 10 signal either in phase or 180* out of phase with the 
signal to provide necessary phase locking. An error 
signal generated from a differential amplifier is used to 
provide phase and frequency input to the local oscillator 
via feedback control. 

15 

As shown in Fig. 1, prior art homodyne receiver 10 
includes a local oscillator or laser 12, the output of 
which is coupled or mixed with an optical input signal 14 
via coupler 16. The coupled signal is then photo- 

20 detected and compared using conventional photo-detectors 
18 and differential amplifier 20 to produce an electrical 
output signal 22 representative of the phase of the ii^ut 
signal 14. A loop filter 24 is used to electronically 
block unwanted noise and to electronically track phase or 

.25 frequency drift, etc. 

As shown in Fig. 1, prior art homodyne-type 
receivers require a local oscillator which must be 
carefully tuned to the carrier signal in order for the 

;30 receiver to operate properly. Thus, a major disadvantage 

I of conventional homodyne receivers is that they require a 
local oscillator and that the local oscillator must 
generally track the incoming signal. Thus,, the 
oscillator linewidth recpiirement is very stringent. 

35 Accordingly, the local laser must maintain strict phase 
synchronization (provided via the above conventional 

; phase-locked loop arrangement) for successful recovery of 
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the received digitally phase nodulated optical input 
signal. In order to meet these stringent requirements, 
an expensive laser is often used as the local oscillator 
having extremely narrow operating rec[uirements • Such 
5 requirements must be maintained over varying ambient 
conditions (i.e., temperature, humidity, etc.). 

! 

SUMMARY OF THE INVENTION 

10 The problems outlined above are in large part solved 

by the apparatus and method of the present invention. 
While conventional homodyne receivers described above 
require a local oscillator which is phase-locked to the 

, received signal, the self -homodyne receiver of the 

I 15 present invention does not require a local oscillator or 
laser. By using an interferometer, such as a Hach- 
Zehnder interferometer, the present invention can 
demodulate phase modulated optical input signals. Also, 
by incorporating a feedback electrical signal coupled to 

[ 20 one of the interferometer channels, a practical 

I implementation of phase demodulation in an 

interferometric self-homodyne setting is achieved without 
incurring typical problems associated with conventional 
local oscillators. By eliminating the need for a local 
25 oscillator in the present invention, a self-homodyne 

receiver can be implemented at a substantial cost savings 
to the end user. In addition, performance of a coherent 
system is influenced by transmitter and receiver laser 
linewidths, whereas performance of the present invention 
30 is no longer influenced by the receiver linewidth due to 
the absence of a local oscillator, and performance of the 
present invention remains a function of only the remote 
signal source (i.e., transmitter laser linewidth). In 
addition, unlike conventional receivers where a 

1 35 polarization mismatch between the transmitted and 

received optical signals results in severe degradation in 
performance, the self-homodyne receiver of the present 
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invention has no need for polaxization control at the 
receiver site. 

Broadly speaking, the self-homodyne optical receiver 
5 of the present invention comprises two channels optically 
coupled together, and an optical-to-electrical 
demodulator is coupled to the output of the coupled 
channels. A delay loop is configured within one channel, 
or delay channel, and a phase modulator is optically 
10 coupled to the other channel, or reference channel. The 
phase modulator is indirectly controlled by an electrical 
output signal sent from a differential amplifier which is 
electrically coupled to the output of the demodulator. 



15 According to one aspect of the invention, the delay 

channel and reference channel are optically coupled at 
two locations with the phase modulator optically coupled 
to the reference channel between the two locations. The 
two locations may include a pair of evanescent couplers 

20 placed along the delay channel and reference channel. 
Each evanescent coupler can be a single mode 3 dB 
coupler • 



According to another aspect of the present 
25 invention, the demodulator includes at least one 

photodiode coupled to the delay channel. Alternatively, 
the demodulator may include a pair of photodiodes coupled 
to both the delay channel and the reference channel. 
Each photodiode can produce an electrical output signal 
30 corresponding to an optical input signal. 

The present invention further comprises an optical 
transmission system including an optical source and an 
optical receiver. The optical soiirce may include a 
35 remote laser for generating an optical input signal 
directed into the receiver. The receiver includes a 
delay channel, a reference channel coupled to the delay 
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channel at two locations. A demodulator is coupled to 
one end of both the delay channel and the reference 
channel to convert a phase delayed optical input within 
the delay channel signal combined with a phase modulated 
5 optical input signal within the reference channel to an 
electrical signal corresponding to phase shift therein. 
A differential amplifier is coupled to an output of the 
demodulator to receive the electrical signal and output a 
feedback electrical signal from the amplifier to the 

10 phase modulator for passively tracking the phase of the 
input signal in proportion to a phase difference output 
from the differential euaplifier. Phase modulation of the 
input signal within the reference channel is therefore 
passively controlled by input from an electrical output 

15 signal emitted from the output of the differential 

amplifier circuit. Thus, the electrical output signal is 
used to provide electrical feedback phase locking onto a 
phase modulated optical imput signal within the reference 
channel. A significant advantage of the present 

20 invention is that the phase-locked signal, which may 
track the received optical signal, is generated via a 
phase modulator with an input that is the feedback 
electrical signal from the differential amplifier, and 
thus the need for a local oscillator, as in conventional 

25 design, is eliminated. 

In the present disclosure, "passively controlling" 
or "passively tracking" is used to describe a non-active 
technique for phase modulating the signal within the 
30 reference channel. Non-active techniques include any 

means which does not inject local oscillation energy into 
the receiver such as energy from a local laser 
oscillator. 

35 According to yet another aspect of the optical 

transmission system, a self-homodyne optical receiver is 
used in combination with a remotely located optical 
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source which generates phase modulated optical input 
signals. The optical input signals are transmitted 
through an optical communication path to the receiver 
having a delay channel and reference channel. The delay 
5 channel is connected to the communication path and the 
reference channel is optically coupled to the delay 
channel by first and second optical couplers placed at 
two spaced locations along the delay channel and 
reference channel similar to the structure of a Mach- 

10 Zehnder interferometer. A phase modulator is optically 
coupled to the reference channel for phase modulating the 
optical input signal coupled within the reference channel 
with respect to the optical input signal within the delay 
channel. The phase modulator is configured within the 

15 reference channel between the first and second optical 

couplers. By phase-lock controlling the phase modulator, 
the interferometer provides coherent coupling or mixing 
at the second optical coupler, between an optical input 
signal, which may preferably be phase delayed, within the 

20 delay channel and the phase modulated optical input 
signal within the reference channel. Thus, by phase 
modulating the reference channel and mixing the phase 
modulated signal with a phase delayed signal, the present 
invention achieves self-homodyne phase demodulation 

25 without requiring a local oscillator. 

The present invention also conten^lates a method for 
detecting phase modulated optical signals. The method 
includes receiving a phase modulated optical input signal 

30 into a delay channel and coupling the input signal into a 
reference channel. The input signal within the delay 
channel is phase delayed, and the input signal within the 
reference channel is phase modulated. An electrical 
output signal is produced proportional to the phase 

;35 difference between the phase delayed input signal within 
the delay channel and the phase modulated signal within 
the reference channel. The input signal is then detected 
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In accordance with changes In the electrical output 
signal. 

BRIEF DEflGRIPTIOK Q P THE DRAglNSS 

5 

Other objects and advantages of the invention will 
become apparent upon reading the following detailed 
description and upon reference to the accompanying 
drawings in which: 

Fig. 1 is a block diagram of a prior art optical 
receiver ; 



10 



Fig. 2 is a block diagram of an optical transmission 
15 system incorporating a self-homodyne optical receiver in 
accordance with the present invention; and 

Fig. 3 is schematic circuit diagrcua of a closed loop 
filter placed within the feedback loop in accordance with 
20 the present invention. 

While the invention is susceptible to various 
modifications and alternative forms, a specific 
embodiment thereof has been shown by way of exainple in 

25 the drawings and will herein be described in detail. It 
should be understood, however, that it is not intended to 
limit the invention to a particular form disclosed, but 
on the contrary, the intention is to cover all 
modification equivalents and alternatives falling within 

30 the spirit and scope of the invention as defined by the 
appended claims. 

DETAILED DESCRIPTION OP THE PREP gRRED EMBODTMB^ ff 

35 Referring now to Fig. 2, there is shown an optical 

transmission system incorporating an interf erometric, 
self-homodyne optical receiver 30 according to the 
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present invention. Receiver 30 is configured to receive 
an optical input signal 32, produced by optical source 26 
and transmitted over a communication path 28. Optical 
soiirce 26 can be, for example, a laser light source which 
5 produces a phase modulated optical signal in a known 
manner. Commxinication path 28 can be emy type of known 
communication path such as an optical fiber, or a 
combination of optical and electrical communication 
paths. An isolator 34 of common design is provided for 
10 isolating the optical input signal 32 thereby avoiding 
disturbing reflections back into optical source 26. 
Isolator 34 can be a design, such as those designs based 
on Faraday rotation and which utilize yttrium iron-garnet 
(Garnet YIG) material and polarizers. A suitable 
i 15 isolator for the present application is model no. 

ISO-1315 produced by Newport Co. Phase-modulated input 
signal 32 is applied to an dlnterferometer 36 having a 
delay chcmnel 38 and a reference channel 40. Input 
signal 32 is split or coupled into two separate beams or 
20 optical signals via first coupler 42 of interferometer 

36. Sensor signal 44 propagates through delay channel 38 
and is isolated from reference beam 46 which propagates 
through reference channel 40. Both channels 38 and 40 
are exposed to similar environmental variations such that 
25 environmental effects are mostly canceled when the phase 
differences of the beams 44 and 46 are detected at the 
output of interferometer 36. 

Interferometer 36 includes two 3 dB couplers 42 and 
30 48 which can be evanescent field couplers. Such couplers 
utilize a narrow spacing between two adjacent fiber cores 
or channels thus allowing coupling between the cores due 
to electromagnetic fields which extend beyond each core 
boundary. Further, multi- and single-mode couplers are 
I 35 available. Models for single-mode couplers are often 
I based on two fundamental modes of the coupler, i.e., the 

even and the odd modes. First coupler 42 and second 
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coupler 48 nay be of single-evanescent variety with a 50% 
split ratio (i.e., 3 dB coupler) based upon phase angle 
(0) » 90 « such as model no. 945 couplers available from 
Amphenol Fiber Optic Products. 

5 

Shown along delay channel 38 is a delay loop 50, 
which allows for the introduction or a time delay in the 
signal in delay channel 38. In operation, loop 50 
changes the phase of sensor beam 44 at the second coupler 
10 48 interface. Thus, a phase-skewed mixing can occur at 
second coupler 48 depending upon the amount of phase 
shift caused by loop 50. 

Phase shifting or modulating of reference beam 46 
I 15 with respect to sensor beam 44 is achieved with a phase 

modulator 54 optically coupled to reference channel 40 as 
shown. Phase modulator 54 receives changes in input 
voltage via the feedback electrical signal, which will be 
described below, and translates those changes in input 
20 voltage into proportional phase shift in the optical 

signal of reference beam 46. The insertion loss is less 
' than 2 dB and the input voltage can have a bandwidth of 

up to 2-6 GHz. Phase modulators are important for 
coherent communications, in particular for phase-shift 
25 keying techniques (PSK and DPSK) . Integrated versions of 
phase modulators are found capable of interfacing with 
single-mode fiber couplers and are thereby important when 
embodying the present invention on integrated silicon. 
Thus, a preferred form of phase modulator 54 would 
30 include a Ti:LiNb03 (Lithium-Niobate) device. A single- 
mode wave guide is created in the Lithium-Niobate phase 
modulator by diffusion or ion-implantation of titanixim. 
Different versions of Lithium-Niobate type phase 
modulators are possible depending upon which way the 
I 35 crystal is cut (either vertical or horizontal) . In 
either case, a preferred phase modulator 54 can be 
obtained from Hoechst Celanese, model no. Y35539501. 
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As ftarther shown in Fig. 2, a second Isolator 35, 
similar to isolator 34, is placed within reference 
channel 40 to prevent backward-directed reflections to 
the first coupler 42. Substemtial elimination of 
5 backward-reflected spiirious noise, etc. prevents 

s\ibstantial degradation of optical input signal 32 and 
thus minimizing degradation of the performance of 
receiver 30. 

10 Phase-shifted beams in the delay channel 38 and 

reference channel 40 are passed to demodulator optics 52, 
wherein demodulator 52 is used to convert beams 44 and 46 
into an electrical output signal 56. Detection is 
synchronous, that is, sensor beam 44 and reference beam 

15 46 oscillate at the same frequency in a typical homodyne 
configuration, and these signals are mixed or recombined 
using second coupler 48 and detected using a balanced 
arrangement as shown in Fig. 2. The delay loop 50 
affords a 90^ phase shift with respect to the reference 

20 beam 46 that is necessary for successful recovery of the 
phase modulated optical input signal 32 in the presence 
of non-zero transmitter laser linewidth. In addition, 
unlike conventional receivers, where a polarization 
mismatch between the transmitted and received optical 

25 signals result in severe degradation in performance, the 
present invention has no need for polarization control at 
the receiver site. Specifically, the conventional 
receiver 10 shown in Fig. 1 requires polarization control 
of the signal provided from local oscillator 12 in order 

30 to avoid polarization mismatch between the received input 
signal 14 and the signal provided by local oscillator 12. 
Such polarization mismatch of conventional receivers 
results in severe degradation in receiver performance. 
Conversely, the receiver shown in Fig. 2 of the present 

35 invention does not require polarization control at the 
receiver site since it does not use or rec[uire any form 
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of local oscillation or signal generation Independent 
from the original input signal 32. 

Demodulator 52 includes a pair of photodetectors 58. 
5 Photodetectors 58 are coupled to receive delay channel 38 
and reference channel 40. Photodetectors 58 include a 
photodiode in an integrated or semiconductor device which 
can be integrated with phase modulator 54 and isolator 
34, and which convert the optical signal generated by 

10 mixing optical signals in the reference channel 40 and 
delay, or input, channel 38 to an electrical signal. 
Typically, photodetectors 58 respond to optical signals 
by passing a current in the reversed bias condition which 
is proportional to the amount of incident light beam in 

15 watts upon the diode. Since a photodiode is essentially 
a current output device, it usually is operated with a 
current-to-voltage converter type amplifier. The 
amplifier or OP amp may thereby be operating in a 
current-to-voltage mode, which is sometimes called a 

20 transimpedance amplifier. Thus, it is contemplated that 
the present invention utilize either a P-I-N junction 
photodiode or an avalanche photodiode. An acceptable P- 
I-N photodiode is a model no. AR-GIO P-I-N photodiode 
available from Antel Optronics, Inc. 

25 

Shown coupled to photodiodes 58 is differential 
amplifier 60 which amplifies a difference between 
voltages at the (+) and (-) inputs of as^lifier 60. 
Differences between input values are amplified using a 

30 conventional radio frequency (RF) or microwave amplifier. 
Depending on the information bit rate, Tg'^, one may need 
an RF (bit rate less than 2 GHz) or microwave (bit rate 
in excess of 2 GHz) amplifier. Thus, selection of the 
appropriate type of amplifier 60 is application 

35 dependent. For example, either a Hewlett-Packard, Inc., 
model no. 8347-A (for bit rates less than 2 GHz), or a 
Hewlett-Packard, Inc., model no. 11975-A (for bit rates 
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in excess of 2 GHz) are accept2d3le for use as 
differential amplifier 60. An appropriate differential 
amplifier 60 may be realized using 6aAs devices or less 
eaqpensive off«-the-6helf components. If GaAs devices are 
5 used, they may be integrated into the semiconductor 
system of the entire receiver 30. The differential 
amplifier 60 may be implemented using wideband 
amplifiers, HAHP-5001, manufactured by Hewlett-Packard 
for frequencies up to and including 2 GHz. For 
10 frequencies in excess of 2 GHz, MHIG GaAS amplifiers from 
Hewlett Packard, model no. HHMC-5022 may be used. 

Electrical output signal 56 derived from an^lifier 
60 represents an electrical signal which contains 

15 modulation terms as well as phase error components. 

Electrical output signal 56, can thereby be utilized to 
adjust the reference phase via modulating reference 
channel 40 with the aid of phase modulator 54 in a 
feedback arrangement. As used herein, the terms '■in* 

20 phase" and "quadrat\ire phase" refer to any pair of 
signals of the type sin(wt + ^) and cos(wt + 0), 
respectively. This in^lies that the two signals are 
sinusoidal with one signal 90^ phase-shifted with respect 
to the other. The purpose of delay obtainable via 

25 loop 50 is to generate the quadrature component. The 
signal in reference channel 40 is dLn phase with the 
received signal. 

Electrical output signal 56, as shown in Fig. 2, is 
30 processed by a loop filter 64 having a transfer function 
H(f). Filter 64 is preferably a filter with two poles at 
f ■> 0 and a single imagineury zero, however, other types 
of filter networks can also be used. Thus, filter 64 can 
be realized using operational amplifiers and passive 
35 components. Filter 64 includes two OP amps operating at 
frequencies in the range of dc to several MHz* Depending 
upon the remote laser soxirce linewidth, the operating 
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range could extend from a few HHz to tens of MHz. The 
operational amplifiers In Fig. 3 may be Implemented using 
vide bandwidth model no. HA-5190 operational ainplifiers 
memufactured by Harris, Inc. 

5 

OP amp configuration of filter 64 may take the form 
shown in Fig, 3, wherein II5 is much greater than R4 and 
R3. Furthermore, resistor R3 is greater than resistor R4. 
Even further, resistor ^ is much greater than resistor 

10 Rj. The specific values for the Indicated components CI, 
C2, and R1-R5 can vary to allow to provide suitability 
for various applications. What is important, however, is 
that a filter design be realized which provides a 
transfer function H(f) which will be described below. 

15 Fig. 3 describes one of many different embodiments which 
can be utilized to provide the desired transfesr function 
having electrical output signal 56 being ampliii.id and 
filtered to produce a modified electrical outpu- signal 
66. Modified electrical output signal 66 is then used to 

20 electrically control the acousto optic phase modulator 
54. 

To further analyze the present system, the optical 
signals at the output of the first coupler 42, i.e., the 
25 sensor beeun and reference beam 44 and 46, may be 
approximated as 



^1 " -p® CD 
V2 



30 
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Where Eq is the magnitude of the received optical 
field, j«y^l, and *(t) = «j[^t + 9+ A»dfeP(t-Jbrj) , 

it— 00 ^0 

In this latter equation, (Ojjq is the remote optical source 
nominal frequency, is the change in phase angle, and 
5 W|(t) is a standard Weiner process with variance equal to 
the reciprocal of the transmitter optical source, or 
laser, coherence time, t^, i.e, q^^^ — , is a uniformly 

distributed phase on [*ir,ir], d]^ is random binary symbols 
taking on -1 and +1 with equal probability, Tg is the 
10 symbol interval, P(t) is a unit amplitude NRZ pulse of 
duration T^, 2a<P is the phase shift associated with a 
transition in dy. from -1 to 1, or vice versa, and ng(t) is 
the quadrature component of an additive white Gaussian 
noise (AWGN) corrupting the received signal. 

15 

As described herein, "Weiner process" is a stsuidard 
Wiener process commonly known in the art. Pertinent 
portions of references vrtiich provide background 
information on the Weiner process is incorporated herein 
20 and described in Papoulis, A., Probability. Random 

Variables, and Stochastic Processes (McGraw-Hill, Second 
Ed., 1984), pp. 213-215; and Stark, H., et al.. 
Probability. Random Processes, and Estimation Theory fo?: 
Engineers (Prentice-Hall, First Ed., 1986), pp. 273-276. 

25 

Additive white gaussian noise (AWGN) accounts for 
the blackbody background radiation as well as thermal 
noise generated by optical repeaters/amplifiers. In 
practice, blackbody radiation is negligible at optical 

30 frequencies. However, optical input signal 32 is 
periodically amplified or processed by a chain of 
repeaters and amplifiers along the communication channel 
or path 28 prior to detection by receiver 30. This 
process inevitably adds thermal noise to the received 

35 input signal 32 as it is applied to receiver 30. 
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Equations 1 and 2 are reasonable approximations when 
Eq » n3(t). In the absence of modulation, the 
combination of the stwdard Wiener process Wj(t) and 
random phase $ gives rise to a Lorentzian shaped laser 
5 spectrum. Assuming that < n/2, which results in the 

presence of a pilot carrier in the received input signal 
32. With some modification of the output of the 
modulation optics 52 (i.e., nonlinear processing of such 
signals), the recovered signal for |^| ~ Tr/2 may be 
10 post-processed for carrier synchronization. 

The optical fields at the inputs of the second 3-dB 
coupler 48 may now be expressed as: 



si o ^e^[«(t-A)*Wi(t-A)] 

15 



2 



j^o J[0(t)+Wi(t)+l^{t)] 



where ^(t) is an estimate of W3(t) described below, 
represented by the feedback electrical voltage provided 

by filter 64 also described below, and a^=10 \10dB/ (e 
20 ^ 
signifies the fiber attenuation constant in dB/km and cr 

is the power attenuation factor) , represents the 

attenuation due to propagation in the delay branch of the 

interferometer 36 (preferably a Mach-Zehnder 

25 interferometer) and A is the time delay associated with 
transmission over the fiber of length AL, formed by loop 
50, which is considered to be significantly larger than 
laser coherence length. This consequently results in the 
independence of Wi{t - A) from Wi(t). Thus, for all 

30 practical purposes, Wi(t - A) may be replaced by a Wiener 
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process f^Ct) independent of, but similar In 
characteristic to Wj(t). Therefore, 



^/^^ccEo^j[0{t-A)*W2(t)^ (5) 
y/2 



Moreover, AL satisfies the quadrature condition , i.e, 
l^AL=-j+2imc with n, m, and X describing the refractive 



index of the fiber, an arbitrary integer, and the 
wavelength of the received input signal 32, respectively. 
10 Note that m may be selected such that AL is significantly 
greater than the remote optical source coherence length. 
The quadrature condition results in a ir/2 phase shift in 
e[ with respect to £^ , i.e.. 



0(t-A)=«£,ot+fi+ Z A«djP(t-A-Jtr^)+f£i£2^-£ (5a) 
Jt=-oo ^0 2 

15 



As a result of combining and E2 and considering that 
photodetectors 58 found within demodulator 52 can be 
classified as low-pass envelope detectors, it can be 
20 shown that the voltage at the output of an^lif ier 60 may 
be expressed as: 



GantpTRctElsiji ^3 (t) ^(t) +d(t-A) -d(t) ^M^^Mj^^t^ 



^0 



25 
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Where is the voltage gain of an^jlifier 60, r is the 

resistance of the photodetector load resistors 62, R is 
the responsivity of photodetectors 58 in amperes/ watt 
(A/W), W3(t) - W2(t) - Wi(t) and describes a standard 
5 Wiener process with a variance twice that of the variance 

oe 

Of Wi(t),d(t). 2 £^d]^(t-kTs),n^^{t) and ng>(t) are two 

ifc=-OD 

independent shot noise processes generated by the first 
and second photodetectors 58, and n^(t) is the combined 
receiver 30 thermal noise at the output of amplifier 60 
10 (including the contributions of the two resistors 62 as 
veil as the amplifier 60) . The shot noise processes may 
be combined into a single process n^(t) defined by 

«jA(t)=^JP(t)-n2^(t) . The total shot noise and thermal 

noise processes have two-sided power spectral densities 

gEEQcar^ 



15 (PSD) in (Volts) 2/H2 given by S^^^lf)^2 ^^0^ and 

Sn,j,U)^KBT^ {Fa'Dr-^l.J— . respectively, (q. Kg, are 

the charge of an electron, the Boltzman constant, and the 
amplifier noise figure, respectively) . Also, T' = 290 
Kelvin. The one-sided PSD of the Wiener process W3(t) 
20 may accurately be described as: 

2Ai/ 

sw. if) =-==^ +-4 ; o</<oo (7, 



in (rad/s)VHz. Av and kf describe remote laser source 
25 linewidth (FWHM) , or the white frequency noise (WFN) 
portion of optical source 26 laser source, and the 
flicker noise (FN) , respectively, in addition, / 
describes frequency in Hertz. A factor of 2 is included 
in the above equation to account for the fact that W3(t) 
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is the difference between two identical, but independent 
Wiener processes. 

To further analyze receiver network 30 as set forth 
5 herein, the observed voltage of electrical output signal 
56 is examined below in some detail. The observed 
voltage Vj^(t) of electrical output signal 56 contains 
all the necessary components to be used for tracking the 
random phase interference W3(t). Under the assimption 

10 that the initial tracking has been achieved, i.e., when 
W3(t) » W(t), and when ng(t)/Eo « 1 and 60 < n/2, the 
sinusoidal term of V^^Ct) of equation (6) can be 
linearized. Phase error directly impacts the decision 
making process and immediately follows the phase tracking 

15 s\ibsystem, wherein phase error is defined as W^(t) A 
W3(t) - ft(t). 

Filtering of electrical output signal 56 through 
filter 64 results in W(t) which can be used in a 
20 controlled loop as depicted in Fig. 2. Consequently, an 
integro-dif f erential ec[uation describing the dynamics of 
this loop can be obtained, and is given below: 



25 



30 



W^it)^Wi(t)-KH(p) 



(8) 



where p is a Heaviside operator, K = Ggj^RaE^, and n^Ct) 
= ^(t)-^(t)+nfl^(t) , which is modeled as an AWGN with 
two-sided PSD level Sj^{f) = qRnJar^ + K^T^iF^-l)T + K^T^r. 
This is possible since the shot noise and the thermal 
noise processes are all independent. Considering that 
fr(p) one can solve for Wg(t) can be computed, ^^^^ 

is given by 
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(9) 



Where Hi^(p) Is the closed-loop tremsfer function that Is 
given by 



Ht(p)''-HSSL. (10) 



Using (9) and with the aid of Fourier analysis, the 
variance of the phase error process can be computed as 



-00 -00 

oo * 



10 (11) 
where Sj^(f) » KgTb is the two-sided PSD of the noise 
process ng(t) which is flat over the frequency range of 
interest. is the noise temperature generated by the 
optical amplification/regeneration process and the 

15 blackbody background radiation. Hl(p) . Hl(/) is the 

transfer function represented in frequency domain of the 
corresponding Laplacian closed-loop transfer f\inction 
Hl(P) • The second term in the above equation accowts 
for the contribution of the data-to-phaselock crosstalk, 

20 which proves to be rather significant. 

At this point, it becomes necessary to define the 
one-sided loop bandwidth (or loop noise bandwidth) 
described in the following equation: 

25 
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(12) 

The relationship among some of the important systems 
parameters discussed above can be elaborated upon by 
realizing that the time delay A is considerably larger 
than the coherence time of the remote optical sotirce^ and 
for reasons that will become apparent, it may be 
necessary to assime that 



A"^«Aj'<<Br 



where it is assumed that the coherence time of the 
10 optical source input is inversely proportional to the 
source input linewidth, Ap. This also satisfies the 
general transmitter laser linewidth requirement for the 
homodyne system, i.e, Ai^T^ « 1. The relationship between 
the PLL loop bandwidth, the optical source linewidth, and 
15 the symbol rate T^'^, will be discussed below* 

Realizing the above, eqniation 11 can be evaluated 
for a second order loop, which proves to be the ideal 
loop for tracking the optical source phase instabilities 
20 described above (i.e., when the WFN and FN are present). 

2ir7fr2+l 

For a second order loop (x.e., when F(/)« —Z — , the 

2irJ/ri 

closed loop transfer function may be expressed as 

HL(f)^ 5 (14) 



25 Where f and ci}^^ ue the loop damping and natural 

frequency, respectively. It is }cnown that S£=— ^ (i+4f^) , 



i 



wo 93/15566 



PCr/US93/00S90 



-21- 

A critically dasiped loop, i.e., f=-^, in the following 

relationship exists between the natural frequency of the 

BBt 

loop and the loop bandwidth: — t. Consequently, the 

3^2 . 

variance of the timing error may be confuted and is given 
by 



(15) 



where Sj^^o) and s„^(o) are the PSD's of the equivalent 
10 noise and the quadratiure component of the received 
(optical amplifier/repeater) thermal noise at / -> o, 
respectively, and r is a unitless quantity given by: 



±+tan '(2) + 



4 



(15a) 



15 



20 



Considering that aBl»1, r can be accurately approximated 
by Bl, i.e., r « Consequently, the variance of the 

phase error in terms of the xmitless quantity BlTj can be 
expressed as 



a2 



(16) 



Where ai»7.4 (Ai^r,) /ff, a2»8.71(kyTp , and 



a3-2 



+2 



+4[A*]^ are all unitless as 



i 
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veil. The second term In 33 Is proportional to the 
inverse of the input signal-to-noise ratio of the input 

signal, SNRj, given by SNR^«_l-_. The influence of the 

input thermal noise, i.e., the blacUDOdy background and 
5 optical eunplifier /repeater noise, is therefore described 
in terms of the input signal-to-noise ratio. 



The presence of the receiver thermal noise, which 
can no longer be ignored due to the absence of strong 
10 local oscillators (which were necessary in conventional 
receivers) , sets this present invention apart from 
conventional design. 



There exists an optimum noise-bandwidth-symbol- 
15 duration product, i.e., B^^Tg, which minimizes the 

expression shown in equation (16) • Such optimum product 
satisfies the following cubic function: a3(BQp^Tg)^ - 
a^CB^^Tg) - 2a2 = 0, which ccm be solved numerically for 
known ap ^2 9 ^3- Although the reduction in BlT^ 
20 directly decreases the third term in equation (16) , a 

reduction in Bj^T^ directly increases the first two terms 



30 



*1 a^d 



Nevertheless, in the absence of the 



laser phase noise impairment, Bj^T^ should be kept to a 
minimum. However, when the impact of the transmitter 
25 laser phase noise is more pronounced than the noise 

processes, Bj^Tj can be increased to reduce the effects of 
the first two terms. 



To gain further insight into the impact of various 
system parameters on performance, cvf' is examined for 
various system parameters when optimxim noise bandwidth is 
selected. This task is accomplished via numerical 
analysis shown hereinbelow. Before presenting such 
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results, however, data recovery scheme of the present 
invention is described. A close examination of equation 
(6) shown above reveals that, when 8in(0 term is 
linearized, the transmitted symbols can be recovered* 
5 However, the received symbols are corrupted by an equally 
powerful interference d(t - A) . Mote that A » Tg, and 
therefore the received signal d(t - A) represents symbols 
that are uncorrelated with d(t). This problem is quite 
similar to the multipath interference generated by 

10 diffused paths in radio conununication channels. This 
problem also arises in telephony world and is commonly 
referred to as the "echo" impairment. There are, 
however, a number of major differences between the 
problem at hand and the multipath and "echo" problems in 

15 RF and telephony channels. First, the desired and 

interfering signals operate at identical power levels. 
Second, A, which is typically an unknown quantity in RF 
channels, is a known quantity here. Considering that 
error rates in optical communication systems are 

20 typically less than 10*' and taking advantage of the 
assumption 10"^ « A'^Tg « 1 or equivalently A « ID^T 
(i.e., with sufficiently high probability, the delay 
branch 68 of echo canceler circuit 70 contains no 
incorrect bits) , the error propagation become a less 

25 serious matter. 



30 



Delay A branch 68 is related to AL of loop 50 via 
the following relationship: 



iJ£AL = |+2jDTr = (16) 



where n, m, and X describing the refractive index of the 
fiber, and arbitrary integer and the wavelength of the 
received input signal 32, respectively. This delay 
causes the presence of data as well its delayed version, 
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delayed by A at the output of differential amplifier 60. 
The xindeslrable delayed signal, which appears as an 
"echo" should be subtracted by subtracting the recovered 
signal from an estimate of the delayed signal, thereby 
5 resulting in an echo czmcellation. The recovered data 
d(t) at the output of circuit 72 is delayed by A to 
generate an estimate d(t - A) for the signal d(t - A) . 
Signals d(t) and d(t - A) correspond to estimates of d(t) 
and d(t - A), respectively. The signal at the input of 

10 device 72 is then a function of d(t) only if d(t - A) s 
d(t - A} . The "decision circuit" 72 is a pulse shaping 
circuit. A high speed/high sensitivity digital vareform 
regeneration module comprising a comparator , an edge- 
triggered D-f lip-flop and an output driver may be used to 

15 realize circuit 72. For frequencies less than 2 GHz, 
Hewlett Packard, Inc. HDMP-2003 or HDHP-2004 may be 
utilized. For frequencies* in excess of 2 GHz, MHIC GaAs 
technology may be used to realize a customized MHIC GaAs 
decision circuit. This device declares a "1" for inputs 

20 greater than the threshold and a "0" otherwise. Since 
delay circuit 68 is electrical, it may be realized using 
GaAs memory circuits. To determine the size of the 
memory in cancellation circuit 70, delay A is divided by 
the symbol duration T^ and rounded to the closest integer. 

25 For instance, for a symbol duration of 10'^ s. and delay 

of 10^ s- , one needs 10"*/ 10*' «= 10^ bits memory to realize 
delay circuit 68. The memory circuit 68 must be a fast 
shift register, operating at the symbol rate 1/Tg of up to 
2 GHz. Furthermore, the echo cancellation circuit 70, 

30 may be implemented on a single Integrated chip such as a 
MHIC GaAs chip. Note that circuit 72 and delay brsmch 68 
operate at several GHz range (RF range or microwave 
range) eind that branch 68 and circuit 70 can be realized 
using GaAs devices. In fact, this arrangement can be 

35 highly desirable since it avoids the problems encountered 
in interfacing GaAs devices operating at microwave 
frequencies . 
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The performance in terms of bit error rate at the 
output of decision circuit 72, assuming all echo effects 
are entirely suppressed, can thereby be shown in the 
following formula: 



Pe-Q 



(17) 



with 0(3r)=— Li fexpC-^ )dy. Note that, in arriving at 

the 8d30ve equation, the fact that the variance of the 
10 output of integrate-and-dump filter in decision circuit 
72 when excited by a white Gaussian noise with two-sided 

PSD defined as -J: is ^JLl and that ng(t) and ng(t - A) are 

uncorrelated rcmdom processes, have been exploited. 
Moreover, it is considered that Wg(t), which has a 

15 correlation time proportional to the inverse of the OPLL 
loop bandwidth, is a slow varying process over Tg (i.e., 
Bl"^ » Tg, or Bj^Tg « 1) . This condition is satisfied for 
a reasonable set of system parameters. Realizing that 
bit error rate in the order of 10'' is desired, the above 

20 equation may be upper bounded by (Q(x) s 0.5 exp(-'x^/2); 
X » 1) 
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For a homodyne system with OPLL sxibsystem, on the other 



hand, Pe--iexp 
6 



1 q 2 / 



2 

, where is the 



phase error variance when n^(t) » 0^ and is given by 
equation (16) with a^ replaced by 

5 a^'s 2 +2(A4>)^. Note that, for the homodyne 

system, a 3 dB improvement in the input SNR is resulted 
since n^Ct-A) is no longer present in equation (6). 

For a negligible receiver thermal noise and when 

2 

10 Cr^ < < 1 , the performance of the present system is within 
3 dB of its homodyne counterpart for a background noise 
limited operation. Under quantum limit, however, the 
homodyne receiver is 6 dB more efficient than the present 
system. Due to optical amplification prior to detection, 

15 background noise is typically the dominant noise factor 
in such receivers, and power penalty in the range of 3 to 
6 dB is a more realistic measure of performance. 

As shown and fully described hereinabove, a method 
20 and apparatus are described for inter ferometric, self- 
homodyne optical detection of phase modulated optical 
signals. For a reasonable set of system parameters, 
acceptable performance in teinos of bit error rate as 
defined in equation (17) and equation (18) may be 
25 expected. The performance was measured as a fimction of 
the optical soxirce linewidth-symbol duration product in 
the range of 0.2 x 10"^ ^ AvTg ^ 0.2 x 10"*. Due to the 
absence of a local oscillator, the present invention is 
dominated by the background radiation, receiver thermal 
30 noise, and the nonzero optical source linewidth. 

Background noise in the receiver 30 is considered to be 
the sum of blackbody radiation, commonly present in 
optical and RF chemnels, and noise due to optical 
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amplification/regeneration process. The former 
considered significantly smaller than the latter at 
optical frequencies. For the input power and SNSj in 
excess of 0.1 mw and 30 dB, respectively, performance is 
5 mainly dominated by the linevidth of optical source 26. 
For a background noise limited operation the invention 
achieves a performance within 3dB of its homodyne 
counterpart, whereas a 6dB power penalty is incxirred for 
quantum- limited operation. Thus, the output from echo 
10 cancellation circuit 70 is a signal proportional to the 
transmitted data bits present in the optical carrier 
signal 32, but without having to pay the penalty of 
requiring a local oscillator or laser. 

15 Further modifications and alternative embodiments of 

the apparatus of this invention will be apparent to those 
skilled in the art in view of the description. 
Accordingly, the description is to be construed as 
illustrative only and is for the purpose of teaching 

20 those skilled in the art the manner in carrying out the 
invention. It is to be understood that the forms of the 
invention herein shown and described are to be taken as 
the presently preferred embodiments. Various changes can 
be made to the network or components found within the 

25 network circuit and/ or arrangement of those components. 
Certain features of the invention may be utilized 
independently of the use of the those features, all as 
would be apparent to one skilled in the art after having 
a benefit of the description of the invention. As can be 

30 appreciated from the above discussion, the apparatus and 
analysis described hereinabove present a meurked practical 
advance over conventional optical receivers which require 
local oscillation and the Inherent disadvantages 
associated therewith. 



35 
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CLAIMS 



1. A self-homodyne optical receiver conprisliig: 

I 5 

an delay channel and a reference channel optically 
coupled to the delay channel; 

an optlcal-to-electrlcal demodulator coupled to the 
10 delay channel; 

a differential amplifier coupled to an output of the 
demodulator; and 

15 a phase modulator optically coupled to the reference 

channel and Indirectly controlled by an 
electrical output signal from the differential 
j amplifier. 

! 
; 

! 

I 20 

: 2. The self-homodyne optical receiver as recited In 

claim 1, wherein said reference channel Is optically 
coupled to said delay chemnel at two locations along said 
delay channel with said phase modulator optically coupled 

j 25 to the reference channel between said two locations. 

i • 



3. The self-homodyne optical receiver as recited In 
claim 1, further comprising a second optlcal-to- 
30 electrical demodular coupled to the reference channel « 



4. The self-homodyne optical receiver as recited in 
I claim 1, wherein said demodulator includes at least one 

35 photodlode coupled to the delay chemnel. 
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5. An interferometric, self-homodyne optical receiver 
comprising: 



an interferometer including an delay channel and a 
5 reference channel optically coupled to the 

delay channel, said delay channel is capable of 
receiving an optical input signal; 



an electrically controllable phase modulator 
10 optically coupled to said reference channel for 

producing a phase modulated optical signal; 

a phase delaying loop optically coupled to said 
delay channel for producing a phase delayed 
15 optical signal; 



a least one photodiode coupled to receive said phase 
modulated optical input signal optically 
combined with said phase delayed optical 
20 signal; 

a differential amplifier electrically coupled to an 
output of said photodiode for producing an 
electrical output signal which changes 
25 corresponding to chemges in the phase 

difference between the phase of the phase 
modulated optical signal with the phase delayed 
optical signal; and 



30 said electrical output signal coupled to said phase 

modulator for passively controlling the phase 
of the phase modulated optical input signal in 
response to changes in the electrical output 
signal. 



35 
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6. The interferometric, self-homodyne optical receiver 
as recited in claim 5, wherein said interferometer 
comprises a pair of evanescent couplers for optically 
coupling the delay channel and the reference channel at 

5 two locations separated at a controllable distance. 

7. The interferometric, self-homodyne optical receiver 
as recited in claim 6 , wherein said evanescent couplers 

10 comprise single mode 3 dB couplers. 

8. The inter ferometric, self-homodyne optical receiver 
as recited in claim 5, wherein said differential 

15 amplifier compares changes in electrical signals 

corresponding to changes in the phase of the phase 
modulated optical input signal combined with the phase 
delayed optical input signal. 

20 

9. An optical transmission system, comprising: 

an optical source for generating an optical input 
signal; 

25 

a self-homodyne optical receiver comprising: 

a delay channel coupled at a first end of the delay 
channel to receive the optical input signal; 

30 

a reference channel coupled to the delay channel to 
receive the optical input signal therein; 



35 



a phase delay loop coupled to the delay channel to 
form a phase delayed optical input signal 
within the delay channel; 
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a phase modulator optically coupled to the reference 
channel to form a phase modulated input signal 
within the reference channel; 

5 a demodulator coupled to a second end of the delay 

channel opposite the first end to convert the 
phase delayed signal combined with the phase 
modulated optical input signal therein to a 
corresponding electrical signal; 

10 

a differential amplifier coupled to receive the 
electrical signals; and 

a feedback electrical signal sent from the amplifier 
15 to the phase modulator for passively tracking 

the phase of the optical input signal in 
proportion to a phase difference output from 
the differential amplifier. 

20 

10. The transmission system as recited in claim 9, 
wherein said optical source includes a remote laser. 

25 11. The transmission system as recited in claim 9, 

further comprising an optical path coupled between the 
optical source and the receiver. 

30 12. The transmission system as recited in claim 9, 

wherein said demodulator includes at least one photodiode 
coupled to the second end of the delay channel. 

35 13. A method for detecting phase modulated optical 
signals , comprising: 



I 
I 

i 

! 
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receiving a phase modulated optical input signal 
into an delay channel; 

I 
I 

! coupling the input signal into a reference channel; 

I 5 

phase delaying the input signal within the delay 
channel; 

. phase modulating the input signal within the 

i 10 reference channel; 

i 

producing an electrical output signal proportional 
to the phase difference between the phase 
delayed input signal and the phase adjusted 
15 input signal; and 

I detecting the input signal within said delay channel 

{ in accordance with changes in the electrical 

i 

output signal* 

20 

14. The method as recited in claim 13, wherein said 
i phase modulating comprises passive phase modulating the 

1 input signal within said reference channel with respect 

; 25 to said input signal. 



15. The method as recited in claim 14, wherein said 
passive phase modulating comprises phase adjusting the 

i 30 input signal absent a local oscillator. 

16. The method as recited in claim 13, wherein said 
phase delaying comprises providing a delaying loop within 

35 the delay channel. 

i 
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